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Binary formation is an important aspect of star formation. One possible route for close-in 
binary formation is disk fragmentation[1,2,3]. Recent observations show small scale 
asymmetries (<300 au) around young protostars[2,4], although not always resolving the 
circumbinary disk, are linked to disk phenomena[5,6]. In later stages, resolved circumbinary 
disk observations[7] (<200 au) show similar asymmetries, suggesting the origin of the 
asymmetries arises from binary-disk interactions[8,9,10]. We observed one of the youngest 
systems to study the connection between disk and dense core. We find for the first time a 
bright and clear streamer in chemically fresh material (Carbon-chain species) that originates 
from outside the dense core (>10,500 au). This material connects the outer dense core with the 
region where asymmetries arise near disk scales. This new structure type, 10x larger than 
those seen near disk scales, suggests a different interpretation of previous observations: large-
scale accretion flows funnel material down to disk scales. These results reveal the under-
appreciated importance of the local environment on the formation and evolution of disks in 
early systems[13,14] and a possible initial condition for the formation of annular features in 
young disks[15,16]. 
Per-emb-2 (IRAS 03292+3039) is a protostellar system at a distance of 300 parsecs[17] in the 
Perseus molecular cloud. It hosts a young forming close binary (<20 au) stellar system. CO (2-1) 
observations show a clear and well-collimated outflow[18]. The chemical abundances close to the 
young system are inconsistent with the current luminosity and provide strong evidence for a recent 
accretion burst. Independent studies need an accretion rate increase of a factor of 10x compared to 
the current one ( )[19,20]. Thus, this protostellar system is a great target 
to study the role of the environment in accretion variability. Moreover, higher angular resolution 
observations reveal feather-like features near disk scales (<300 au). These and the velocity gradient 
perpendicular to the outflow orientation are claimed as clear evidence of a disk undergoing 
gravitational instability (GI)4, but the detailed gas kinematic information showing clear Keplerian 
rotation is lacking to confirm this scenario. 
The general picture of star formation usually involves an axisymmetric envelope (or dense core)
[10,22]. This envelope flattens at small radii due to the material’s angular momentum and/or magnetic 
field. It is during this process that a disk can form. Numerical simulations of disk formation usually 
focus on isolated systems[5,23], while those that track disk and star formation in a molecular cloud 
reveal asymmetric accretion flows[24,25,26]. These flows would change the accretion rates in 
protostars compared to an axisymmetric infall. No previous observations have revealed the presence 
of these large accretion flows. Recently, ALMA observations revealed evidence for small (less than 
1000 au) accretion streams originating from within the dense core[27,11,12,28]. We observed several 
molecular lines using the NOrthern Extended Millimeter Array (NOEMA), see Figure 1, to unveil a 
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streamer of fresh material (where atomic carbon is not yet mainly converted in CO) from beyond 
10,500 au down to the disk forming scales (<300 au). 
Proximity on the sky does not imply that objects are physically related. But, if the line-of-sight 
velocities are similar, then they are likely physically associated. Moreover, the gas kinematics are 
crucial to determine the streamer’s dynamical state. We derive the gas velocity and velocity 
dispersion along the streamer (see Figure 2 and Methods section). This velocity map shows a 
smooth velocity gradient, with the largest velocity difference at the streamer’s end. The velocities 
near the central region agree with that of the protostellar system. And the velocity dispersions are 
narrow and consistent with subsonic turbulence, which reveals the streamer as unperturbed by the 
outflow. The measured velocity gradient is 11.5 km s-1 pc-1, which is within 60% of the pure free-
fall value (see Methods section). This suggests that the gravitational pull of the central dense core 
(3.2 MSun)[46] dominates the streamer's dynamics. The corresponding free-fall timescale is 96 kyr. 
This timescale is comparable to the embedded star-formation phase timescale (100 kyr)[22]. We 
further model the streamer as a flow of gas with an initial rotation and with its dynamics dominated 
by the gravity of the central dense core. The analytic solutions[29] reproduce both the position in the 
plane of the sky and the measured velocity along the line of sight (see Figure 3 and Methods 
section). This confirms that the streamer is fully consistent with free-fall after considering all the 
projection effects. Thus, streamers could be present during the full embedded phase and detectable 
in more objects. 
Thanks to NOEMA’s new wide-band correlator we observe many lines simultaneously. In 
particular, we image two different transitions of the HC3N, (10-9) and (8-7), and both trace the 
streamer. The ratio between those lines in the streamer is 0.48±0.02, after primary beam correction 
is applied. We compare this ratio to predictions from RADEX[30] (for temperatures of 10 and 12.25 
K, see Method section and Extended Data Figure 1) and determine that the streamer's average H2 
density and HC3N column density are (4±2)x104 cm-3 and 2.0x1013 cm-2 over a 10,500 au region 
(marked by the polygon in Figure 3). The constraints on the HC3N/H2 ratio, based on dense cores 
measurements, imply a total streamer mass between 0.1 to 1 MSun (see Method section for details). 
Even the lowest mass estimate is a substantial fraction of the total dense core mass (3.2 MSun). As a 
crosscheck, we use the streamer’s H2 density, HC3N column density, and typical width of 4,500 au 
to estimate a [HC3N/H2]Streamer abundance of 7.4x10-9. This derived abundance is comparable to the 
upper end of the HC3N abundance range for dense cores. Therefore, we adopt a conservative 
estimate of the streamer mass of 0.1 MSun, and it will be the value used hereafter. This value 
highlights the relevance of a previously unseen accretion route. 
We estimate the streamer infall rate as  = 10-6 MSun yr-1. This is the mean 
infall rate from streamer to disk scales, and it is comparable (within a factor of 3x) to the mass infall 
rate of protostellar envelopes estimated in other young objects[31]. The current accretion rate 
estimated from the bolometric luminosity is 7x10-7 Msun yr-1 [19,20], see Method section for details. 
Thus the streamer infall rate is comparable to the current protostellar accretion rate. So, the streamer 
could change the protostellar accretion by funneling extra material to the central region. In fact, this 
stellar system has undergone at least one accretion burst of at least a factor of 10x in the last 10,000 
yrs[19,20]. This further suggests that accretion events from the outer envelope (>3,000 au)[32] could 
drive variability of young sources[33]. 
The material in the inner envelope (<3,000 au) of Per-emb-2 is well traced by the simultaneous 
observations of N2H+ and N2D+ (see Extended Data Figure 2). These tracers are the best probes of 
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the chemically evolved cores[34]. But these species fail to trace the streamer. In fact, Carbon-chain 
molecules show the best images of the streamer. These Carbon-chain species are the best probes of 
the less chemically evolved cores[34], or "chemically fresh" material. The abundance of Carbon-
chains in the streamer reveals that its material is chemically fresh in comparison to the inner core. 
From the streamer density the depletion timescale is ~20,000 yr, which is comparable to the free-
fall time scale, but for the inner dense core the depletion timescale is ~600 yrs. This timescale 
difference helps to explain the chemical difference between streamer and core (see Extended Data 
Figure 3). The streamer must indeed bring chemically fresh material from beyond (or in the outer 
regions of) the dense core on a timescale that is short relative to the canonical ~100,000 yr duration 
of the Class 0 phase. This also explains why previous observations using chemically evolved probes 
missed the streamer[18,20], because those species do not preferentially trace the streamer area and are 
more smoothly distributed within the dense core. Moreover, the chemically fresh material in the 
streamer should affect the chemistry close to the disk by bringing Carbon-chain rich material 
inwards[35]. 
The clear identification of such a large reservoir of fresh material in almost free-fall is remarkable 
in itself. It reveals that new material might shape the morphology and kinematics of the gas in 
young stellar systems. In particular, it gives support to studies claiming that streamer-like features 
seen at disk scales are the result of strong envelope accretion[32]. Although some numerical 
simulations show similar streamers[24,25,26], it is unclear how frequent and for how long in the 
protostar evolution this process could occur. If these streamers are present in more evolved systems, 
then they might generate the initial over densities necessary to generate rings before the planet 
formation process is in full swing[15,16]. And even in later stages, when planet formation is ongoing, 
a streamer could deposit material in the inner disk as required to explain the differences between 
different meteorites[36]. Our results show that streamers could originate from outside (or in the outer 
regions of) the dense core (>10,000 au, larger than the previously seen 1,000 au scales), and 
therefore non-axisymmetric accretion flows might be crucial ingredients in the star- and disk-
formation process. Additional high-angular resolution observations of young protostars in more 
regions will determine the frequency of these streamers. 
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by the outflow. The angular resolution of the observations and scalebar are shown in the bottom left 
and bottom right corner, respectively. The 50% primary beam response is shown by the black dotted 
circle. The HC3N contours levels are drawn at 5, 8, 11, 14 and 17x rms, where rms is 8 mJy beam-1 
km s-1. 
Figure 3 Sky position and velocity along the line-of-sight of the streamline model (in orange) 
overlaid on the observations (gray). The streamer is highlighted by the blue polygon in panel a. The 
panel b shows varying levels of kernel density estimation of the velocity as a function of projected 
distance from the central system. The contour levels are drawn starting at 0.5! and progressing 
outwards in steps of 0.5!, where the !-levels are equivalent to that of a bivariate normal 
distribution. The streamline model provides a good match to the observations and it supports the 
interpretation of gravitational free-fall of the streamer towards the central regions of the dense core. 
The angular resolution of the observations and scalebar are shown in the bottom left and bottom 
right corner, respectively. The 50% primary beam response is shown by the black dotted circle. !
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a b

50% primary beam response for the N2H+, N2D+, and CO (2-1) observations are shown by the white 
dotted circle in the left and right panels, respectively. The HC3N contours levels are drawn at 5, 8, 
11, 14 and 17x rms, where rms is 8 mJy beam-1 km s-1. The CO contours levels are drawn at 5, 15, 
25, 35 and 45x rms, where rms is 0.2 Jy beam-1 km s-1.!
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Methods 
Observations and data reduction: IRAM NOrthern Extended Millimeter Array (NOEMA) 
We conducted NOEMA observations of the Per-emb-2 region on 2018 June 22, July 27-28, and 
August 19 in the D configuration, while on 2018 October 9, 10, 17, and 18 in the C configuration 
(project S18AG), with baselines between 16.4 and 287.8 meters. This corresponds to a maximum 
recoverable scale of 30 arcsec. We used the Band 1 receiver and configured the PolyFix correlator 
with a LO frequency of 82.505 GHz and an instantaneous bandwidth of 31 GHz spread over two 
sidebands (upper and lower) and two polarisations and with a spectral resolution of 2 MHz. 
Additionally, high-resolution chunks are placed with a width of 64 MHz and a fixed spectral 
resolution of 62.5 kHz targeting several molecular transitions, including HC3N (J=10-9) and 
(J=8-7), CCS (JN=87-76), 13CS (2-1), N2H+(1-0), and N2D+ (J=1-0). The integrated intensity map of 
the HC3N (J=10-9), CCS (JN=87-76), 13CS (2-1) lines are shown in Figure 1. 
The data are reduced and calibrated using standard observatory pipeline in CLIC, which is part of 
the GILDAS software package (http://www.iram.fr/IRAMFR/GILDAS). The bandpass calibrators 
used are 3C84 (4 tracks) and 3C454.3 (3 tracks). Phase and amplitude calibration was performed 
every 20 minutes using J0333+321 and J0329+351 for all observations. The absolute flux 
calibration was performed using the standard flux calibrators MWC349 and LkHa101 and the flux 
calibration uncertainty is within 15%. 
Continuum subtraction and data imaging were performed using the GILDAS software version from 
March 2019 (mar19b). We image the continuum emission of each baseband (LI, LO, UI, and UO) 
using the line free channels in each baseband with the uv_continuum command. The continuum 
emission is strong enough to allow for a self-calibration solutions down to 45 seconds integration 
for the phase of the continuum using the selfcal command. We apply these solutions to the 
continuum data as well as the corresponding line data using the task uv_cal. The line emission is 
imaged using the continuum subtracted data generated with the uv_baseline command and a first 
order baseline. 
The final noise level (measured using the task noise in GILDAS) in the HC3N (J=10-9), HC3N 
(J=8-7), CCS (JN=87-76), 13CS (2-1), N2D+ (J=1-0), and N2H+ (J=1-0) cubes are 5.5, 8.9, 6.3, 6.3, 
6.6, and 6.2 mJy beam-1 channel-1, respectively, while the integrated intensity maps have noise 
levels of 8, 10, 4, 3, 19, and 30 mJy beam-1 km s-1, respectively, and the beam sizes are 3.7x3.0 
(19deg), 4.4x3.7(19deg), 3.6x2.9(19deg), 3.7x3.0(19deg), 4.2x3.5(21deg), and 3.6x3.0(20deg), 
respectively. 
Observations and data reduction: Atacama Large Millimeter Array (ALMA) 
Per-emb-2 was observed with the 12-m ALMA array using the Band 6 receivers on 2015 September 
27 under project 2013.1.00031.S. The array configuration included 34 antennas with baselines 
between 43.3 and 2,270 m and a total on-source time of 3.5 min. The standard pipeline calibration 
was done using Common Astronomy Software Applications (CASA) package 4.5.0[37], while 
imaging was done in CASA 5.4.1. The 1.3 mm continuum image was obtained using the tclean task 
from single broad band continuum spectral window of the configuration and imaged using 
multiscale (with scales of 0, 0.24, and 0.72 arcsec) with a robust Briggs parameter of 0.5 to achieve 
an angular resolution of 0.275 arcsec x 0.185 arcsec (PA=23.6o), while dropping all baselines 
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shorter than 50 k" to reduce imaging artifacts due to resolved out emission as done in the original 
paper presenting the data[4]. We perform self-calibration both in phase and amplitude down to a 
single integration (6.05 seconds) and to 1200 seconds, respectively. The final self-calibrated image 
was improved substantially, both by removing image artifacts and reducing the noise level. The 
final image is shown in panel d of Figure 1, and it achieved an rms noise of 166 µJy beam-1, which 
is similar to the previous results[4], although with a better recovery of some of the asymmetric 
features. Polarisation observations of the continuum emission at 870µm using ALMA also show 
similar features at slightly lower angular resolution[38]. 
Physical properties of the Streamer 
We calculate the ratio between the HC3N (10-9) and (8-7) integrated intensity maps, after they are 
smoothed and re-gridded to a common resolution and grid. The ratio of two transitions of HC3N is a 
good probe of the density[39]. We measure the mean value of this ratio in the streamer to be 
0.48±0.02, where the correction for the primary beam response is applied. We also compute this 
ratio using RADEX[30], with a column density of HC3N of 1013 cm-2, a line-width of 0.5 km s-1 
(consistent with the observations), gas kinetic temperatures of 10 and 12.25 K (consistent with the 
average core temperature of 11.7 K[40]), and densities from 103 up to 2x106 cm-3. The comparison 
between the measurement and the RADEX models are shown in Extended Data Figure 1, with the 
average value of the ratio in the streamer marked by the horizontal black line. The comparison 
clearly shows that a density of (4±2)x104 cm-3 reproduces the observations, and it is our estimated 
average density within the polygon marking the streamer. 
We determine the column density in the optically thin regime,  
  
for the level (J+1)=10. Then we use the conversion factor between N(HC3N)(J=10) into N(HC3N)total 
for the best RADEX model of 0.01963, and derive an average HC3N total column density of 
2.0x1013 cm-2 in the streamer. 
The total mass is finally determined by using an [HC3N/H2] abundance ratio, and then calculating 
the total mass in H2. The abundance is expected to lie between those found toward the chemically 
young carbon rich peak of TMC-1 ([HC3N/H2]TMC1-CP=2.8#10$9)[41] and the more evolved L134N 
([HC3N/H2]L134N=3#10-10)[42]. Therefore, the total mass in the streamer is between 0.1 and 1 Msun. 
We combine the streamer’s mean H2 density, mean total HC3N column density, and the typical 
observed width of 15 arcsec (4,500 au) to estimate the streamer’s [HC3N/H2]Streamer abundance as 
 
This abundance in the streamer is comparable to that of the carbon rich peak of TMC-1, and 
therefore consistent with a chemically fresh streamer. Therefore, we also adopt a conservative 
estimate of the streamer mass of 0.1 MSun. 
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Line fit 
We fit single gaussian models to each pixel of the HC3N (8-7) and (10-9) data cubes, using the 
PySpecKit Python package[43], and a rest frequency (obtained from CDMS, https://cdms.astro.uni-
koeln.de/) of 72783.822 and 90979.023 MHz, respectively. In addition, we also fit the N2D+ (1-0) 
lines using all the hyperfine components using also PySpecKit. 
The centroid velocity and velocity dispersion maps derived from HC3N (10-9) are shown in Figure 
2, and with the corresponding integrated intensity shown in contours. The observed velocity 
dispersion is comparable to a level of turbulence below 0.5  the sound speed at 10 K 
( ), similar to those seen in dense cores[44,45]. This velocity dispersion is 
consistent with fresh material unaffected by the molecular outflow driven by the young protostar. 
Is the streamer in free-fall collapse? 
In the case of Pressure-Free or Free-Fall Collapse it is possible to estimate both the speed and the 
time scale of collapse46 for a given mass and radius. We estimate the free fall speed as 
 
where M is the enclosed mass at radius R, the free-fall timescale as 
 
and we also estimate the velocity gradient as 
 
The streamer is detected starting (farthest from the protostar) at a distance of 35 arcsec (10,500 au at 
the distance of Perseus) from the protostar. The previously estimated total dense core mass is 3.2 
Msun[47] and a deconvolved radius of 4,400 au[48], after correcting for the updated distance to 
Perseus, which also corresponds to an average dense core density of 1.4x106 cm-3. Using these 
values we estimate the values in free-fall collapse at the beginning (farthest from the protostar) of 
the streamer: vff =1.1 km s-1, tff = 96 kyr, and gradv,ff = 7 km s-1 pc-1. 
We use the HC3N (10-9) velocity map to estimate the streamer kinematical properties. There is a 
smooth velocity gradient in the streamer (7.4 km s-1 - 6.98 km s-1) at a velocity similar from the gas 
around the young protostar (7.05 km s-1), and stretching over an extent of 35 arcsec (10,500 au). 
This corresponds to a velocity gradient of 11.5 km s-1 pc-1. This is within 60% from the free-fall 
acceleration estimated above. 
Calculation of Streamlines 
We model the streamline using the analytic solutions for material moving from a rotating finite 
cloud towards a central object[29]. This approach provides a solution along a given streamline which 
also provides a velocity along the line-of-sight, and it depends on the central mass (Mcenter), initial 
position and velocity of the streamer in spherical coordinates (r0, %0, &0, vr0, v%0). The implemented 
solution for the streamline is calculated with a mass of 3.2 MSun (equals to the dense core mass), 
initial distance of 9,000 au from the central object, initial tangential velocity 0.53 km s-1 (consistent 
with the difference in Vlsr seen between the tip of the steamer and the protostar), and without an 
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initial radial velocity. We apply two rotations due to inclination angle and the position angle to 
directly compare to the observations. The angles %0 and &0 are found by matching the initial position 
of the streamline with the seen extent and position of the streamer. 
Left panel of Figure 3 shows the projected trajectory of the streamline (in red), which matches well 
the streamer seen in integrated intensity (background image). The right panel of Figure 3 shows the 
velocity along the line of sight for the streamline in red as a function of projected separation from 
the central system, and the background is the kernel density estimate (KDE) of the velocity and 
projected separation measured in the data. The KDE allow us to show the overall properties of the 
streamer and its variation, without the need for defining a particular cut. We use the KDE 
implementation in scipy and the KDE bandwidth selection following Scott’s rule[49]. Both 
comparisons show a good match with the data, with only small disagreements between the velocity 
along the line of sight of the model and data. The model requires a faster rotation (more specific 
angular momentum) to match the velocity at large radii, and a slower rotation at smaller radii (less 
specific angular momentum). This suggests that a larger amount of specific angular momentum is 
required in the outer regions than in the inner regions. This might be due to the loss of angular 
momentum, as previously seen in other protostellar dense cores[50]. In addition, this simple infall 
model does not take into account the protostellar mass, or the variation of the enclosed mass as a 
function of radius, which could also generate small variations to the streamer trajectory and 
velocity. 
Protostellar accretion rate 
The protostellar accretion rate is determined by modelling the observed bolometric luminosity, Lbol, 
as dominated by the accretion rate on the central protostellar object as 
 
where  is the protostellar mass,  is the protostellar radius, and  is the accretion rate. We 
estimate the accretion rate using a 0.25 MSun protostellar mass (close to peak of the IMF), a 3 RSun 
stellar radius, and Lbol=1.9 LSun for an accretion rate of 7x10-7 MSun yr-1. 
The value of the protostellar mass is not well constrained due to the lack of Keplerian rotation 
measured, but using a brown dwarf mass (0.076 MSun) provides a strong upper limit to the accretion 
rate of 2x10-6 MSun yr-1. This is in the upper end of accretion rates estimated toward Class 0 
protostars[47]. 
Depletion of Carbon species from the gas phase 
The streamer is dominated by carbon-chain species, however, these species are typically depleted in 
dense cores[51]. The "freeze-out'' timescale is estimated as  
, 
with n5 is the H2 number density in units of 105 cm-3 and S the sticking probability (of order 
unity[52,53]) for CO on grains. This estimate is appropriate for the species studied here (carbon-chain 
molecules and an early-type molecule): 13CS, CCS, and HC3N[34]. Using the average dense core 
density (1.4x106 cm-3), we estimate the depletion timescale in the dense core of 600 yr, therefore, 
these species are not expected in the ‘old’ dense core. However, the average density in the streamer 
(over a 10,500 au region) derived using RADEX implies a timescale of 20,000 yrs, which is short 
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compared to the Class 0 lifetime of ~100,000 yrs. This encourage the use of the term ‘chemically 
fresh material’. 
On the outflow orientation 
We trace the outflow emission with the CO (2-1) data from the MASSES survey[18] with a 2.7”x2.5” 
beam obtained from robust=1 parameter. The blue and red emission is calculated between [-1.5, 5] 
km s-1 and [9, 16] km s-1 and has an rms of 0.2 Jy beam-1 km s-1 for both maps. These red and blue 
lobes are shown in Extended Data Figure 2. 
The 10 arcmin scale of the outflow, as traced with H2 images and connected to some HH objects, 
show that no recent event of a substantial change in the outflow orientation has occurred[54]. This 
rules out the possibility that a previous different outflow orientation (e.g. due to misaligned 
accretion events) could be responsible for the release or excitation of the carbon species from the 
grain. 
Data Availability 
The data and analysis that support the findings of this study are available in GitHub (repository 
https://github.com/jpinedaf/NOEMA_streamer_analysis) with the identifier DOI 10.5281/zenodo.
3874992. 
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